This paper shows for the first time a pronounced increase of extremely intermittent edge density turbulence behavior inside the confinement region related to the I-mode confinement regime in the ASDEX Upgrade tokamak. With improving confinement, the perpendicular propagation velocity of density fluctuations in the plasma edge increases together with the intermittency of the observed density bursts. Furthermore, it is shown that the weakly coherent mode, a fluctuation feature generally observed in I-mode plasmas, is connected to the observed bursts. It is suggested that the large amplitude density bursts could be generated by a non-linearity similar to that in the Korteweg-de-Vries equation which includes the radial temperature gradient.
This paper shows for the first time a pronounced increase of extremely intermittent edge density turbulence behavior inside the confinement region related to the I-mode confinement regime in the ASDEX Upgrade tokamak. With improving confinement, the perpendicular propagation velocity of density fluctuations in the plasma edge increases together with the intermittency of the observed density bursts. Furthermore, it is shown that the weakly coherent mode, a fluctuation feature generally observed in I-mode plasmas, is connected to the observed bursts. It is suggested that the large amplitude density bursts could be generated by a non-linearity similar to that in the Korteweg-de-Vries equation which includes the radial temperature gradient. On the way to obtaining energy through magnetic nuclear fusion, the discovery of an improved confinement regime called the high-confinement mode (H-mode), in contrast to the lower confinement L-mode, was a major achievement [1] . The H-mode is characterized by a quiescent plasma edge with steep gradients, also called transport barriers, in both the density and the temperature profiles. Generally, in transport barriers turbulence is reduced and steep gradients form in density and temperature, which results in a strong so-called pedestal in these quantities, leading to a better confinement. An alternate improved confinement regime is the so-called improved energy confinement regime (I-mode). Interestingly, it is characterized by a transport barrier in temperature only. Hence, energy transport behaves like in H-mode [2, 3] while particle confinement is L-mode like. In I-mode, the edge-localized mode (ELM) does not develop [4, 5] and impurities do not accumulate due to the absence of a particle transport barrier [3] . The I-mode can only be obtained if the power threshold for Hmode access is kept high, e.g. by using unfavorable magnetic configurations, and it is characterized by a quasi-coherent feature in the fluctuation characteristics called the weakly coherent mode (WCM) which resides in the plasma edge [6] . The WCM has been shown to be coupled to a geodesic acoustic mode (GAM), which explains the width of the WCM [7, 8] . The remaining unsolved issues regarding the nature of the Imode are: what is the underlying instability of the WCM? How can density and temperature fluctuations be decoupled to such a degree that a pedestal forms in one quantity and not the other?
This letter reports the observation of strongly intermittent density turbulence bursts in the edge confinement region of the ASDEX Upgrade tokamak (AUG). The results are directly related to the I-mode [2, 3] and may help to understand the decoupling of heat and particle transport. Moreover, since magnetically confined plasmas constitute, to first order, twodimensional (2D) turbulent systems which are still subject to the question of whether they can be intermittent [9] [10] [11] , the observations add to the evidence of intermittency -often connected to self-organized criticality [12] -in quasi 2D turbulent systems [13] [14] [15] [16] [17] . In this context, it should be noted that substantial effort has been dedicated to the understanding of intermittency in the scrape-off layer of magnetically confined plasmas [18] [19] [20] [21] [22] [23] .
Experiments have been conducted on the ASDEX Upgrade tokamak [24] . The main diagnostic used in this work is a Doppler reflectometer [25, 26] measuring in the edge plasma region (last 1.5 cm inside the separatrix) and being sensitive to perpendicular wavenumbers of the turbulence in the range k ⊥ = 11 -13 cm −1 . For the plasmas presented, this corresponds to k ⊥ ρ s ≈ 1.0 -1.5, where ρ s = √ m i T e /(eB), with m i the ion mass, T e the electron temperature, e the elementary charge and B the magnetic field strength. The large variation in k ⊥ ρ s compared to k ⊥ is due to the T e evolution during I-mode. First, to give a brief overview, a representative discharge is introduced and radial profiles of the perpendicular propagation velocity of density fluctuations during the confinement improvement are presented. Then, the density bursts and their connection to the WCM are described and a possible generation mechanism of the former is discussed. Figure 1 shows time traces of several ASDEX Upgrade discharge parameters (AUG #29741), as the plasma evolves from L-mode into I-mode confinement (2.25 s), which finally ends at the I-H transition (2.66 s). The discharge has a constant electron cyclotron resonance heating (ECRH) power of 740 kW (a). At 2.1 s, one neutral beam injection (NBI) source with 2 MW of heating power is added. Roughly 150 ± 25 ms later, the transition into I-mode takes place, identified by the appearance of the WCM [27] , which can be observed in the turbulence spectra of a conventional O-mode reflectometer [28] measuring at ρ pol = 0.997 in Figs. 1(e), (f) and (g). Here, ρ pol is the normalized poloidal flux radius. In the Lmode phase of the discharge, no WCM is visible (e). However, just after 2.25 s, the WCM is observed (f). Later, in the well developed I-mode, the WCM is at slightly higher frequency and dominates the spectrum (g). The pedestal top electron and ion temperatures (at ρ pol = 0.95) are depicted in (b), which increase with NBI and then throughout the whole Imode phase, which lasts for roughly 400 ms. This is more than 4 energy confinement times (τ E ≈ 94 ms), which shows that the I-mode is a slowly evolving process under fixed conditions at fixed heating input power. Stationary I-modes are obtained when the heating power is adjusted such that the confinement improvement factor H 98 (y, 2) [29] (cf Fig. 1(d) ) remains below about 0.8. As yet, such a situation has only been achieved with ECRH. Both electron and ion temperature gradients in the plasma edge at ρ pol = 0.98 increase continuously during I-mode (c), which will be important later. T i is measured by charge exchange recombination spectroscopy on a beam of the neutral beam injection system [30] . In Fig. 1(d) , H 98 (y, 2), which is 1 in H-mode and up to 0.6 in L-mode, increases from 0.60 to 0.85, which clearly shows the improved confinement in I-mode over L-mode.
During the evolution of the I-mode, both ∇T and H 98 (y, 2) increase, which is accompanied by a deepening of the radial profile of the perpendicular propagation velocity of the turbulence v ⊥ , shown in Fig. 2 . The bar in the lower left indicates the radial uncertainty in the density profile used to localize the Doppler reflectometer measurement positions, which affects all profiles equally. The relative uncertainties obtained with the beam-tracing code Torbeam [31] are shown at each data point and correspond to roughly ∆R = 2 mm. This small ra- 
FIG. 2:
The radial profile of the perpendicular propagation velocity of density fluctuations deepens with improving I-mode confinement (cf Fig. 1 ). In the lower left, the uncertainty of the density profile is indicated.
dial uncertainty is due to the fact that measurements are taken in the pedestal region with significant density gradient [32] . In the L-mode phase of the discharge (2.00-2.10 s), the v ⊥ profile is rather flat and exhibits a shallow well at ρ pol ≈ 0.99 with a depth of v ⊥ ≈ −2 km/s. The radial position of the edge v ⊥ well in AUG is generally at ρ pol ≈ 0.99 [33] [34] [35] . From 2.2 to 2.6 s two effects can be observed. First, the v ⊥ -well shifts outward to ρ pol = 0.996 (2.20-2.30 s) and then inward as the well deepens at ρ pol = 0.992. Second, the rotation velocity of the plasma increases by a factor four from −2 km/s to about −8 km/s, when the transition into H-mode takes place. Hence, there is a correlation between improved confinement and v ⊥ -well depth in the plasma edge, which was shown to be related to the neoclassical radial electric field dominated by the ion pressure gradient [33] . This is underlined by the fact that the measurements in Fig. 2 at ρ pol = 0.99 (v ⊥ -minimum) agree with measurements from CXRS under the assumption that the phase velocity of the turbulence v ph is small compared to the E × B-velocity [27] . The wavenumber of the WCM can be estimated by k WCM = 2π f WCM /v ⊥ to roughly k WCM ≈ 1.0 -1.5 cm −1 , which is comparable to values found at Alcator CMod [7] and another AUG discharge [8] . It is important to note that the measurements reported in this letter are from the confinement region, in particular from the deep v ⊥ -well region. They are not SOL observations, which are known to show strong intermittency [18] [19] [20] [21] [22] [23] . Assuming a constant v ⊥ -well width, a deeper v ⊥ -well translates into a stronger v ⊥ shear. This can have substantial effect on turbulence [36] , which is why it is essential to investigate edge turbulence in I-mode in detail. [37] . The diagnostic measured at constant probing beam frequency, due to the unchanged density profile corresponding to the same radial position of ρ pol ≈ 0.99, which is close to the v ⊥ minimum (cf Fig. 2 ). The L-mode signal in Fig. 3(a) has a roughly constant turbu- lence level with few extrema or spikes. In contrast, the I-mode signal (b) has a lower base turbulence level, but it exhibits strong irregularly spaced turbulence bursts, which are significantly stronger than any fluctuations in L-mode (a) or H-mode (not shown). These intermittent events last for 2 -10 µs.
In Fig. 3(c) , the temporal evolution of the probability density function (PDF) is shown in color-coded contours from Lmode, through the I-mode into H-mode. To make a meaningful comparison, the turbulence amplitudes have been normalized to the value of the L-mode standard deviation σ L . While the occurrence of smaller events (< 6σ L ) is reduced from Lmode to I-mode, the probability for large events (> 10σ L ) increases. It should be noted that the bursts in I-mode can have amplitudes of up to 20 standard deviations of the L-mode signal, which underlines that they are of particularly strong intensity.
To quantify the intermittency of the density fluctuation amplitude signals, the flatness is used. It is defined as Clearly the flatness increases as the I-mode develops for frequencies Ω < 600 kHz up to a factor of 10, and a peak appears around 200 kHz for I-modes which are close to the I-H transition (red dashed). Note these frequencies correspond to the inverse of the time during which the structures are observed (2 -10µs). At frequencies Ω > 600 kHz, no clear trend is seen. Also note that the flatness increases continuously with confinement, which reflects the gradual development of the I-mode over several confinement times.
Since both the bursts and the WCM are observed in I-mode, a connection between them is now investigated. Figure 4 (a) shows a frequency spectrum from the Doppler reflectometer heterodyne signal during an I-mode burst measured at ρ pol = 0.992 (red). The Doppler shift is at roughly −1900 kHz. In contrast to the L-mode case (black), where a normal Doppler shifted peak is observed at roughly −400 kHz, the peak in I-mode is quantized, i.e. it is spread into multiple narrow sub-peaks. The larger Doppler shift in I-mode compared to L-mode reflects the deeper v ⊥ well (cf Fig. 2) . A zoom of the I-mode Doppler peak on linear scale is shown in Fig. 4(b) . The clear separation into individual components can be understood as follows: if the signal received by a Doppler reflectometer is amplitude modulated with a frequency f mod , the Doppler shift will be discretized into individual components, separated in frequency by f mod . While a sinusoidal amplitude modulation results in only two sidebands, a non-sinusoidal modulation, as presented later in Fig. 4(d) , can result in several sidebands. The grey dashed lines show Gaussian fits to the individual components, with the frequency spacing be-tween the components indicated in the upper part of the panel. The mean frequency difference between individual peaks is f = 106.4 ± 1.2 kHz. This value compares well with the frequency of the WCM measured with conventional reflectometry of f WCM ≈ 115 kHz (cf Fig. 4(c) ). The small frequency discrepancy is due to slightly different radial measurement locations of the two diagnostics (indicated in the figure), where v ⊥ differs slightly. The peak splitting effect is observed in Imodes with good energy confinement (H 98 (y, 2) > 0.75), and thus shows the connection between WCM and the observed high-amplitude bursts. The observed events are usually accompanied by smaller density perturbations, leading up to the burst. This is visualized in Fig. 4(d) , where small turbulence bursts are seen before the final burst. The temporal separation of the precursor events ∆t corresponds to the WCM frequency f WCM ≈ 1/∆t, depicted from conventional reflectometry measurements in (e), which shows again the connection between bursts and WCM. This effect is generally observed in I-mode plasmas, the whole succession of events takes around 40 -100 µs. This turbulence amplitude modulation by the WCM leads to the peak splitting effect in Fig. 4(a) . It does not seem to be due to a simple beam path modulation by the WCM, which -in contrast to Fig. 4(d) -would not strongly affect the turbulence amplitude measurement. The above shows a correlation between density bursts and WCM. A proof of causality would involve the treatment of energy transfer, which cannot be measured with the present confinement region turbulence diagnostics on AUG.
As stated above and in Ref. [8] , the conventional reflectometry measurements show that the WCM exists at a wavenumber of k WCM = 2π f WCM /v ⊥ ≈ 1.0 -1.5 cm −1 , while the Doppler reflectometer measurements presented are at k ⊥ = 11 -13 cm −1 . In fact, even including beam wavefront and cutoff-layer curvatures [40, 41] , the conventional reflectometer measures wavenumbers in the range of k ⊥ = 0 -2 cm −1 . These scales are substantially different and the question arises why measurements at high k ⊥ observe effects which are obviously related to the WCM. A possible explanation is that the WCM modulates the amplitude of small-scale structures. Thus, the turbulence level observed by Doppler reflectometry should be modulated with f WCM as observed in Fig. 4(d) , and although it is not the WCM which is directly observed, WCM features like its frequency will be observed even at higher k ⊥ . A somewhat comparable but more interesting consideration is that the waveform of the WCM might become asymmetric, so-called wave steepening, and thus would contain higher k ⊥ . No clear conclusion can be drawn at this point other than there is a clear influence of the WCM on comparably small-scale turbulence which leads to the pronounced turbulence bursts reported here.
All discharges presented here exhibit a GAM. Since it is the most stationary, for discharge AUG #30865 (Fig. 4(a) ), a coupling between GAM and WCM has been documented at a radial position of ρ pol ≈ 0.99 [8] .
It is important to note that the intermittent events do not exhibit features in common with the typical edge-localized MHD instability (ELM), for a review see Ref. [42] . Type I and type III ELMs usually occur periodically, furthermore type I ELMs erode both density and temperature pedestals, which manifests in a strong energy loss of the plasma. Neither of these effects is observed in I-mode. Furthermore, I-modes are in general peeling-ballooning stable [4, 5] . Type II (grassy) ELMs can be excluded because the plasmas reported here are not strongly shaped [42] .
Moreover, while the observed bursts do not appear in the electron temperature, they are visible in conventional reflectometry, bolometry, and magnetic probe signals [2, 43] , which points to a dominance of density fluctuations and their existence at perpendicular wavenumbers other than the relatively high k ⊥ structures reported on in this letter. The detailed analysis of other diagnostics is out of the scope of this letter and left for future work.
The large amplitudes and localization in time of the events reported in this letter are very pronounced. There are shock models, as e.g. discussed in Ref. [44, 45] , which show similarities with the local plasma properties in I-mode. In a simple non-linear electrostatic drift-wave model [46] including both density and temperature gradients the evolution of the plasma potential is given by
where e is the elementary charge,φ is the perturbed plasma potential, n and T are the background density and temperature profiles, and x and y correspond to the radial and poloidal directions, respectively. The first term on the right-hand side (rhs) is a turbulent drive. The second term can be written as
and then has the form of the non-linearity appearing in the Korteweg-de-Vries (KdV) and Burgers equations known to be responsible for intermittency in 1D systems [47] . Whereas the Burgers equation describes shocks, the KdV equation is used to model solitons. Therefore shocks and solitons are driven by the same nonlinearity, but differ by the dominant damping which is dispersive for solitons and dissipative for shocks. In fact, (1) describes the growth of so-called shock-like drift waves [46] . The energetic behavior of such systems is characterized by a strong non-linear energy transfer to high frequencies, which manifests itself in an increase of short-duration events, as is observed here. The non-linear energy is driven by the term (2), which is proportional to the temperature gradient, shown to evolve steadily during I-mode (cf Fig. 1(d) ). In the simple model [46] only poloidal propagation has been considered, raising the question whether shock-like drift waves can be generated in the 2D system of a fusion plasma. Generalized to pressure fluctuationsp the non-linear part of drift wave turbulence is given by
Here, the Poisson bracket corresponds to {φ, ·} = ∂ xφ ∂ y − ∂ yφ ∂ x , andp andp are background and fluctuating pressure, respectively. The term {φ,p} is the turbulence drive and {φ,p} the non-linear interaction, which can be written {φ,p} =T {φ,ñ} +ñ{φ,T } +n{φ,T } +T {φ,n},
where the second term on the rhs corresponds to (2) . Generally, the second and fourth terms on the rhs are neglected because they are of second order. If, for example, k x = 0, the first and third terms vanish, resulting in intermittent solitons or shocks. This is not possible in a 2D fusion plasma. Nevertheless, in the case of the I-mode plasmas reported here, the second term could be important and be in competition with the first and third terms due to coexistence of the strong background temperature gradient and the strong turbulence amplitudes, as shown in the experimental part of this letter, which could then lead to the generation of the solitary structures reported. The solitary waveform points to stronger dispersive effects compared to dissipation, which would lead to a more sawtooth-like structure.
Comparing the three regimes (L-mode, I-mode and Hmode) the relative contribution of the second term on the rhs of (1) is strongest in I-mode. Moreover, assuming adiabatic electrons,ñ ∝φ, it is seen from (1) that the temperature gradient can drive strong fluctuations in density, as observed experimentally in this letter. In the work reported here, clearly the bursty character and intermittency in the density turbulence (cf Fig. 3 ) increase together with the temperature gradient during the I-mode phase of the discharge (cf Fig. 1(c) ). Since strong intermittent density bursts can be driven by the temperature gradient, it could be speculated that the density profile growth is limited through the bursts, which may explain the lack of a density pedestal in I-mode. However, it has to be noted that in order to prove this statement, measurements at different k ⊥ and assumptions on related particle transport would be necessary, which is outside the scope of this letter.
Another explanation of the observed intermittency can be provided by Ref. [48] . The non-local interaction in wavenumber space between zonal flows and drift-waves can lead to a Burgers-type equation and again solitary structures in k rspace. GAMs, which are finite frequency zonal flows and generally observed to be coupled to the WCM [7, 8] , can lead to similar processes. There is of course the possibility that the observed bursts are due to a symbiotic occurrence of both effects. Analog to the sandpile model bursts are generated by the GAM-drift-wave interaction [48] , which are afterward amplified by the KdV-nonlinearity described above.
In summary, this letter reports on the observation of strongly intermittent turbulent density bursts in the confinement region of I-mode plasmas in the ASDEX Upgrade tokamak. It has been shown that the increase in confinement in I-mode is correlated with a deepening of the edge v ⊥ well. In this context, the I-mode is situated in parameter space between L-mode and H-mode in both confinement quality and perpendicular velocity shear. While low-amplitude density fluctuations decrease from L-to I-mode, strong density turbulence bursts develop during the I-mode. These density turbulence bursts are intermittent, leading to a strongly tailed PDF. Furthermore, the observed bursts are connected to the weakly coherent mode, which is an intrinsic feature of the I-mode in all experiments to date, underlining the importance of the observed bursts. The generation mechanisms suggested here involve the temperature gradient and GAM-drift-wave interactions as central elements.
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